Oncogene (2004) 23, 267-277
© 2004 Nature Publishing Group All rights reserved 0950-9232/04 $25.00

www.nature.com/onc

Mapping and characterization of the minimal internal ribosome entry
segment in the human c-myc mRNA 5’ untranslated region
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The human c-myc proto-oncogene is transcribed from four
alternative promoters generating transcripts with 5
untranslated regions of various lengths. These transcripts
encode two proteins, c-Mycl and c-Myc2, from two
initiation codons, CUG and AUG, respectively. We and
others have previously demonstrated that the region of
c-myc transcripts between nucleotides (nt) —-363 and —94
upstream from the CUG start codon contained an internal
ribosome entry site leading to the cap-independent
translation of c-myc open reading frames (ORFs). Here,
we mapped a 50-nt sequence (—143 —94), which is
sufficient to promote internal translation initiation of
c-myc ORFs. Interestingly, this 50-nt element can be
further dissected into two segments of 14 nt, each capable
of activating internal translation initiation. We also
demonstrate that this 50-nt element acts as the ribosome
landing site from which the preinitiation ribosomal
complex scans the mRNA until the CUG or AUG start
codons.
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Introduction

The c-myc proto-oncogene encodes a transcription
factor which regulates the expression of many genes
involved in the control of cell proliferation, differentia-
tion and apoptosis (Ryan and Birnie, 1996; Obaya et al.,
1999). c-myc gene expression is controlled at many levels
(Marcu et al., 1992; Willis, 1999). In human, it can be
transcribed from four alternative promoters PO, P1, P2,
and P3, the latter one being located in the first intron of
the gene (Bentley and Groudine, 1986a, b; Spencer et al.,
1990). P1 and P2 are the two most commonly used
promoters, together accounting for approximately 90%
of c-myc transcripts in normal cells. The translation of
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these c-myc transcripts can be initiated at least at two
different initiation codons (CUG or AUG) leading to
the synthesis of two proteins (c-Mycl and c-Myc2)
(Hann et al., 1988) with distinct roles in the control of
cell proliferation (Hann et al., 1992, 1994; Blackwood
et al., 1994). Using the dicistronic vector assay, we and
others have previously demonstrated the presence of an
internal ribosome entry site (IRES) in P2 mRNA ¥
untranslated region (UTR). This element promotes cap-
independent translation of c-Mycl/c-Myc2 open reading
frames (ORFs) (Nanbru et al., 1997; Stoneley et al.,
1998). It was further reported that c-myc mRNA
remains associated with polysomes under conditions in
which cap-dependent translation is inhibited, indicating
that c-myc IRES is functional in its natural context
(Johannes and Sarnow, 1998). Moreover, c-myc IRES
activity is observed in apoptotic cells, during the G2/M
transition of the cell cycle and upon genotoxic stress,
conditions in which cap-dependent translation is
severely impaired (Pyronnet et al., 2000; Stoneley et al.,
2000; Subkhankulova et al., 2001). In vivo, the c-myc
IRES is mainly active during embryogenesis, and is
downregulated at later stages of development (Créancier
et al., 2001).

Originally discovered in messenger RNAs from
picornaviruses (Jackson, 1988; Pelletier and Sonenberg,
1988), IRESes are also found in cellular mRNAs. A
cDNA microarray analysis of polysome-associated
mRNAs at reduced elF4F concentrations revealed that
200 out of 7000 genes analysed remain translationally
active under these conditions (Johannes et al., 1999).
This study thus suggests that IRES-mediated translation
is clearly not a marginal alternative translation initiation
pathway but conditions gene expression under several
circumstances. Most cellular messenger RNAs contain-
ing an IRES are characterized by long and structured 5’
UTRs (e.g. IGF-II, VEGF, PDGF, Xiap, DAPS,
PITSLRE mRNAs) (Teerink et al., 1995; Bernstein
et al., 1997; Akiri et al., 1998; Huez et al., 1998; Holcik
et al., 1999; Sella et al., 1999; Cornelis et al., 2000;
Henis-Korenblit et al., 2000). These IRES differ in their
primary sequences, but display some similarities in
their secondary structures that appear to be crucial for
their activity (Le and Maizel, 1997). Interestingly,
internal ribosome entry can also be promoted by short
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motifs. Indeed, a 9-nt sequence present in Gtx mRNA
5'UTR has been shown to mediate internal translation
initiation (Chappell et al., 2000).

In this study, we report that the IRES promoting
c-Mycl and c-Myc2 translation consists in a short
sequence element of 50nt that recruits the translation
preinitiation complex.

Results

Prediction of c-myc IRES secondary structure and
mapping of the IRES region

Before mapping c-myc IRES, we determined a predictive
secondary structure of the c-myc P2 5 UTR. The RNA
structure computed in human c-myc 5SUTR (accession
number is V00568) is supported by phylogenetical
analysis including 18 c-myc sequences. The predicted
structure is characterized by a high degree of foldback
and can be divided into three structural domains:
domain A (—362 —285) which is engaged in a long-stem
structure (—338 —285 and —106 —14), domain B which
corresponds to a Y-shaped structure (—284 —144),
including stems B, B2 and B3 followed immediately
by a small stem-loop B4 (—143 —106) and domain C
(=105 —1) containing two hairpin structures (C1 and
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C2) in tandem and a single-stranded sequence stretch
(=10 —2) that can be complementary to 18S rRNA 3’
end sequence (Figure 1). Interestingly, the Y-shaped
structure and the following stem-loop of domain B
reveal a common structural feature observed in several
cellular IRES (Le and Maizel, 1997).

Based on this predictive structure, we performed a
deletion analysis of c-myc P2 5UTR to identify domains
important for the IRES activity. In this purpose, we
generated dicistronic DNA constructs containing as first
OREF the sequence encoding CAT and as second ORF
the sequence encoding a Myc-CAT fusion (BI) (Nanbru
et al., 1997). This type of construct allows the
simultancous measurement of the expression of both
cistrons exactly in the same experimental conditions,
thereby providing a reliable comparison between cap-
dependent and IRES-dependent translation initiation.
c-myc P2 5 UTR lacking different domains predicted
by the computational analysis was inserted into the
intercistronic region of these constructs. Moreover, the
same P2 5 UTR regions were inserted into a dicistronic
construct containing a stable hairpin structure upstream
the first cistron to block cap-dependent translation
initiation (HP) (see Figure 2a, b). The different
dicistronic constructs were transiently transfected in
HeLa cells and the expression of the two cistrons
was compared by Western immunoblotting with an
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Figure 1 Secondary structure prediction of the c-myc P2 RNA leader (363 nt, CUG initiation codon: + 1) was computed by the
algorithm of Le and Maizel (1997) and mfold (Mathews et al., 1999). The structural domains are labelled by the stem A, Y-shaped
structure (B1, B2 and B3), stem-loop B4 and two hairpin structures C1 and C2. The CUG initiation codon is indicated by the larger

font. The sequence complementary to 18S rRNA 3’ end is indicated
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Figure 2 c-myc P2 IRES mapping by deletion of the different domains. (a) Schematic representation of the c-myc P2 mRNA 5UTR.
(b) Schematic representation of the dicistronic DNA constructs used for transfection experiments. The different c-myc leaders were
fused to the CAT coding sequence (143 nt downstream from ATG codon) with the two initiation codons CTG and ATG of c-myc in
frame with the CAT ORF. This fusion gives rise to chimeric Myc-CAT proteins of 32 kDa (ATG/Myc-CAT2) and 34 kDa (CTG/Myc-
CAT1) as verified by specific mutation of the ATG or CTG initiation codons (data not shown). The chimeric Myc-CAT constructs
were subcloned downstream from the CAT coding sequence under the control of the CMV promoter. The resulting plasmids (pBI
MyCAT) encode dicistronic mRNAs bearing two tandem CAT ORFs of different lengths. The pHP MyCAT DNAs are derived from
the pBI DNAs with the addition of a 5'-hairpin (AG = —40 kcal/mol). The sizes of the different intercistronic regions inserted between
CAT and Myc-CAT are indicated, nucleotide numbering starting at the CUG initiation codon. P2 includes the 363 nt of P2 leader.
A(A), A(B1B2B3), A(B4) and A(C1C2) correspond to the P2 region lacking the domain A (—363 —285nt), BIB2B3 (—284 —143 nt), B4
(—142 —94nt) and C1C2 (—93 —1 nt), respectively. NRS(415) is a control sequence corresponding to 415nt of TNF 3’ UTR region
fused with the 95-nt long sequence localized upstream from c-myc CUG initiation codon. (¢) HeLa cells were transfected with the
dicistronic vectors described in (b) and the expression of the different constructs was analysed by Western immunoblotting using an
anti-CAT antibody allowing the simultaneous detection of both ORF products (CAT and Myc-CAT). The same amount of protein
extract was loaded on the gel. The names of the transfected plasmids, the presence (+ ) or the absence (—) of a hairpin in the constructs,
and the CAT, Myc-CAT1, Myc-CAT2 products are indicated. The figure is representative of at least three independent experiments
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anti-CAT antibody. As previously observed, c-myc P2
5"UTR promotes internal initiation of the second ORF
at a rate of approximately one-fourth to one-third of the
cap-dependent translation of the first cistron (mean
value: 0.2740.07, see Materials and methods). Interest-
ingly, only the deletion of domain B4 led to a significant
decrease of c-myc IRES activity. Indeed, removal of the
other domains (A, B1B2B3, CI1C2) did not affect
internal initiation of Myc-CAT ORF. These observa-

tions indicated that the B4 sequence is a major element
of c-myc 5" UTR for IRES activity.

In order to determine whether B4 was sufficient for
IRES activity, we generated dicistronic constructs in
which B4 alone or flanked by domain C was inserted in
the intercistronic region of both BI and HP constructs
(Figure 3a). The IRES activity of the inserted sequence
was assayed as described above. This experiment
revealed that B4 is sufficient to promote internal
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Figure 3 IRES activity of B4 sequence. (a) Schematic representation of the dicistronic DNA constructs used for transfection

experiments. P2 was described in Figure 2. B4C, B4 and C contain

the —143 —1nt, —143 —94nt and —94 —1 nt of the P2 region,

respectively. (b) HeLa cells were transfected with the dicistronic constructs described in (a) and the expression of the different
constructs was analysed as in Figure 2C. The lower panel corresponds to a longer exposure of the blot to reveal the CUG-initiated
MycCAT form. The figure is representative of at least three independent experiments. (¢) Total RNA of HeLa cells transfected with

constructs described in A was purified and analysed by Northern

blotting as described under ‘Materials and methods’ using a

P-labelled CAT antisense RNA probe. The same amount of RNA was loaded for each sample. Mono P2 corresponds to a previously
described monocistronic construct (Nanbru et al., 1997). Size standard RNAs (kb) are indicated

translation initiation of Myc-CAT ORFs (CTG and
ATG) at a level comparable to the full-length c-myc P2
5" UTR (Figure 3b, lanes 5 and 6). Indeed, B4 promoted
Myc-CAT synthesis even in the absence of domain C at
a rate of approximately one-fourth of the cap-dependent
translation of the first cistron (mean value: 0.22+0.01)
(Figure 3b, compare lanes 3 and 5). Domain C by itself
has no IRES activity, as translation of the second
cistron from BI C construct is negligible as compared to
the cap-dependent translation of the first cistron (mean
value: 0.064+0.01). These results also suggest that B4
activates internal translation initiation when placed just
upstream of c-myc initiation codons.

Two former studies reporting the presence of an IRES
in c-myc mRNAs provided strong evidences excluding
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the presence of cryptic promoter(s) within c-myc P2
5UTR (Nanbru et al., 1997; Stoneley et al., 1998).
However, to further rule out this possibility, we verified
by Northern blot the size of the transcripts derived from
the dicistronic constructs used in this study. As shown in
Figure 3c, the mRNAs encoded by the different
transfected constructs were similarly expressed and
migrated as a single band at the expected size. This
observation further confirmed that the B4 sequence acts
as an IRES.

Mutational analysis of B4

Based on the computational analysis of c-myc P2
5UTR, B4 is folded in a stem-loop structure. We



evaluated the importance of the predicted stem-loop
structure and of the nucleotide sequence of B4 for the
IRES activity. Therefore, the base-pairing nucleotides in
each side of the stem (S1, S2) as well as the loop
sequence (L) were mutated separately (see Figure 4a).
The influence of these mutations on the IRES activity of
B4 was analysed as previously by the dicistronic vector
assay. As shown in Figure 4b, independent mutation of
each side of the stem or of the loop did not inhibit B4
IRES activity. However, simultaneous mutation of both
sides of the stem significantly reduced B4-mediated
internal translation initiation (Figure 4c). Altogether,
these results indicate that the IRES activity of B4 is
mediated by the sequences composing each side of the
predicted stem and that only one of the two sequences is
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necessary to trigger internal initiation of translation.
Moreover, this also shows that the potential secondary
structure, in which these sequences might be engaged,
seems not important as Sl and S2 are promoting
internal translation initiation independently.

We then determined whether any of the two sequences
was sufficient to promote IRES activity. Therefore, we
generated dicistronic constructs containing S1 or S2
combined to the inactive domain C in the intercistronic
region (Figure 5a). The insertion of domain C in the
intercistronic region ensured a minimal length between
both cistrons to avoid reinitiation events. As shown in
Figure 5b, both S1 and S2 sequences activate internal
initiation of translation at a rate of one-fifth and one-
fourth of the cap-dependent translation of the first
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Figure 4 Mutational analysis of B4 sequence. (a) Schematic representation of B4 and of the mutated sequences within B4. (b) HeLa
cells were transfected with the dicistronic constructs containing B4 or mutated versions (mutS1 and mutS2) of B4 described in (a). The
expression of the different constructs was analysed as described in Figure 2C. (¢) Analysis of the expression of dicistronic constructs
combining mutS1 and mutS2 mutations. The CUG-initiated form is detectable after longer exposure of the blots (data not shown). The

figure is representative of at least three independent experiments
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Figure 5 Deletion analysis of B4. (a) Schematic representation of the dicistronic DNA constructs used for transfection experiments in
(b and ¢). B4C was described in Figure 3. S1-C, S2-C contain —143 —130nt and —117 —104nt, respectively, of the B4 region fused
with the 94-nt C domain. Underlined nucleotides are conserved positions in SI and S2. Bold nucleotides in S2mut1-C and S2mut2-C
correspond to mutated nucleotides. (b, ¢) HeLa cells were transfected with the dicistronic constructs described in (a) and the expression
of the different constructs was analysed as described in Figure 2C. The figure is representative of at least three independent experiments

cistron, respectively (mean values: SI1-C: 0.18+0.02,
S2-C: 0.28 40.04).

Surprisingly, heavy mutagenesis of S2 sequence except
at three positions did not significantly affect IRES
activity. However, the additional mutation of these three
positions dramatically abolished translation of the
second cistron (Figure 5c). It is worth noting that
although S1 sequence is very different from S2, it also
contains a motif composed of an adenosine residue
followed by six nucleotides before an AC doublet.

To rule out the possibility that S1-C or S2-C
sequences act as cryptic promoter(s), we inserted these
sequences into the pGL2-Basic plasmid allowing the
detection of transcriptional activity of DNA sequences
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by measuring firefly luciferase activity after transfection.
This experiment revealed that S1-C and S2-C sequences
are unable to confer transcriptional activity to the
pGL2-Basic plasmid (data not shown), thereby demon-
strating that these sequences mediate internal transla-
tion initiation when placed in dicistronic contructs.

B4 recruits the preinitiation complex, which scans the
RNA to the AUG/ICUG initiation codons

So far, IRES have been described to promote internal
initiation according to two different mechanisms. The
first one consists of the recruitment and the positioning
of the 43S preinitiation complex directly to the initiation



codon. This mechanism was shown to occur for
cardiovirus mRNAs. Other IRESes, such as those of
enteroviruses and rhinoviruses, recruit the preinitiation
complex at an AUG triplet which is not the initiation
codon and which is located just downstream the IRES 3’
boundary. The ribosomal complex is then transferred to
the downstream AUG initiation codon, probably by a
scanning mechanism (for a review, see Jackson and
Kaminski, 1995).

The B4 domain of c-myc P2 5 UTR promotes
internal initiation at CUG and AUG initiation codons
in the presence or the absence of the intervening domain
C (Figure 3b). This suggests that B4 might be the
ribosome landing site, from which the RNA is scanned
until the CUG/ AUG initiation codons. One can assume
that while some initiation events occur at the CUG,
most preinitiation complexes further scan the RNA to
the downstream AUG initiation codon. To verify this
hypothesis, we first investigated the influence of the
CUG initiation codon and its flanking sequences on B4-
mediated internal initiation. As shown in Figure 6, the
mutation of the CUG codon to AUU abolished the
decoding of Myc-CATI ORF without affecting B4-
mediated IRES activity on Myc-CAT2 ORF. The same
result was obtained upon removal of the sequence from
the CUG to the forelast codon before the AUG
initiation codon. Furthermore, the replacement of the
CUG-AUG intervening sequence by an unrelated
sequence did not affect B4 IRES activity. Finally, the
IRES activity was maintained upon deletion of the 60 nt
downstream from AUG initiation codon. All these
observations support the fact that B4 sequence acts as a
ribosome landing site from which a scanning process is
initiated. To further confirm this mechanism, we
determined whether the introduction of a stable hairpin
structure (HP'; —60 kcal/mol) just upstream the CUG
initiation codon hindered B4-mediated internal initia-
tion. It should be pointed that the HP' sequence was
inserted 88 nt downstream B4 to avoid interference of
this element with B4 IRES activity. As control, a
sequence of similar length unable to form such a stable
secondary structure was also inserted in the dicistronic
constructs (see Figure 7a). Whereas the inserted
sequence leading to the formation of a stable hairpin
structure almost completely abolished internal transla-
tion initiation at both CUG and AUG initiation codons,
no such effect was observed upon insertion of a
nonfolded sequence (Figure 7b). This experiment further
supports that B4 sequence recruits the preinitiation
complex which then scans the mRNA until the initiation
codons are reached.

Discussion

Some viral and cellular mRNAs use IRESes to initiate
translation in a cap-independent manner. While viral
IRESes participate in a mechanism aimed at the
misappropriation of the cellular translational machinery
from cellular mRNAs, cellular IRESes allow the
expression of certain mRNAs in conditions in which
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cap-dependent translation initiation is severely im-
paired. RNA conformation is thought to be critical for
the activity of several viral and cellular IRESes
(Kaminski et al., 1990; Galy et al., 2001; Mitchell ez al.,
2003). Here, we show that c-myc P2 mRNA 5UTR is
predicted to fold in a Y-shaped secondary structure
characteristic of viral IRESes (Le et al., 1996) (Figure 1).
However, the mapping of c-myc P2 5UTR revealed that
internal initiation of translation is actually mediated by
a short 50-nt element, named here as B4. Moreover,
further dissection of this element allowed the identifica-
tion of two even shorter sequences of 14nt, which
independently from each other mediate internal transla-
tion initiation. c-myc mRNA thus constitutes beside Gtx
mRNA (Chappell et al., 2000) the only other example of
cellular mRNA whose internal initiation of translation
depends on very short sequence elements. These
sequences differ significantly and S2 can be extensively
mutated without losing its IRES activity. A remarkable
exception is the mutation of three nucleotide positions
which markedly reduced internal initiation of the second
cistron and which are also found in S1 (Figure 5). This
common motif might thus play an important role for
both S1 and S2 IRES elements. In this regard, it should
be mentioned that these nucleotide positions are very
conserved between species (Le Quesne et al., 2001).
Moreover, the screening of libraries of random oligo-
nucleotides for IRES activity led to the identification of
a 15-nt sequence also containing an adenosine followed
by 6nts and a AC pair (Owens et al., 2001).

Previous mapping of c-myc IRES by deletion analysis
(Stoneley et al., 1998) indicated that internal initiation
required a large portion of the c-myc SUTR. Although
the reason for the discrepancy between their data and
ours remains unclear, the experimental approaches
differ significantly. In our study, we designed CAT-
Myc-CAT dicistronic constructs allowing the direct
measurement of the expression products of both cistrons
in exactly the same experimental conditions. This
approach provides a reliable comparison between cap-
dependent and IRES-dependent translation initiation on
the same RINA molecule as well as an internal control of
transfection efficiency. Moreover, the IRES-mediated
expression of the second cistron was measured from
constructs containing or not a hairpin structure up-
stream the first cistron. The other study was based on
the use of dicistronic constructs from which the level of
expression of both cistrons is not directly comparable.
Moreover, it lacked control constructs containing a 5’
hairpin structure to ensure the measurement of true
internal initiation events.

Our study also reveals that the two short sequences S1
and S2 recruit the 43S preinitiation complex, which then
scans the RNA until the AUG or CUG initiation codon.
This mechanism is indeed supported by several observa-
tions. First, B4 domain promotes internal initiation at
CUG and AUG initiation codons of c-myc ORFs in the
presence or the absence of the intervening domain C
(Figure 3b). Second, the disruption of the CUG codon
abolished the decoding of Myc-CATI ORF without
affecting B4-mediated IRES activity on Myc-CAT2
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transfected with the dicistronic vectors described in (a) and the expression of the different constructs was analysed as in Figure 2C. The
lower panel corresponds to a longer exposure of the blot to reveal the CUG-initiated MycCAT form. The figure is representative of at

least three independent experiments

ORF. The same results were obtained upon removal of
the sequence from the CUG to the AUG initiation
codon or upon the replacement of this sequence by an
unrelated coding sequence (Figure 6). Finally, the
insertion of a stable hairpin structure between B4 and
the CUG initiation codon dramatically impairs transla-
tion initiation of Myc-CAT ORFs (Figure 7).

Oncogene

Different studies indicate that Gtx 9-nt IRES recruits
the 40S ribosomal subunit by base pairing to the 18S
rRNA (Hu et al., 1999; Chappell et al., 2000). The c-myc
IRES modules do not display any homology with Gtx 9-
nt IRES. Moreover, alignment of c-myc IRES modules
with human 18S rRNA does not reveal any comple-
mentary regions. Therefore, the mechanism by which B4
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Figure 7 Blocking of B4-mediated internal initiation of translation by insertion of stable hairpin between B4 and the initiation
codons. (a) Schematic representation of the dicistronic DNA constructs used for transfection experiments in (b). BC (or AA) was
described in Figure 2. BC HP’ contains a hairpin (AG = —60 kcal/mol) inserted at position —10nt. BC IS contains a control sequence
corresponding to a nonfolded sequence inserted at the same position. (b) HeLa cells were transfected with the dicistronic vectors
described in (a) and the expression of the different constructs was analysed as in Figure 2C. The figure is representative of at least two

independent experiments

sequence modules recruit the 40S ribosomal subunit
remains an open question.

It is now well established that internal initiation
mediated by most IRESes requires noncanonical trans-
lation initiation factors. For example, it has been
demonstrated that xiap IRES requires La (Holcik and
Korneluk, 2000) and hnRNP C (Holcik et al., 2003) for
activity, while the Apaf-1 IRES requires upstream of
N-ras (unr) and polypyrimidine tract binding protein
(PTB) for function (Mitchell et al., 2001, 2003).
Recently, hnRNP C was reported to increase c-myc
IRES activity during the G2/M phase by interacting
with the heptameric U sequence located between the
CUG and AUG initiation codons (Kim et al., 2003).
However, no other factor promoting constitutive c-myc
IRES activity has been identified so far. In this regard,
complementation of a reticulocyte lysate, in which c-myc

IRES is poorly active, by purified PTB and unr proteins
does not activate c-myc IRES (Cencig et al., unpub-
lished data).

Factors binding c-myc B4 sequence are currently
under investigation.

Materials and methods

Plasmid constructions

The constructs Bi/HP P2, A2 (renamed here as C), NRS were
previously described (Nanbru et al., 1997, 2001). Briefly, the
BI/HP plasmids are dicistronic constructs containing a
variable intercistronic region between the two ORFs (CAT
and Myc-CAT) under the control of the cytomegalovirus
(CMV) promoter. The chimeric Myc-CAT protein is encoded
by a fusion of the 143 first nucleotide of Myc ORF followed by
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the CAT coding sequence. The series of HP dicistronic
constructs are identical to the BI series except for the presence
of hairpin (—40kcal/mol) upstream CAT ORF. In all the
constructs, the 3’ intron region was deleted by a Bg/II cleavage.
The different constructs were generated by inserting various
PCR amplified products corresponding to different regions of
c-myc P2 SUTR. These PCR products were introduced in the
pSCT monocistronic plasmid (derived from pFC1, Prats et al.,
1992) in the Xbal/HindIIl sites located upstream the CAT
sequence. The dicistronic constructs were then generated by
inserting the Xbal-SstI fragment (variable 5 region fused to
Myc-CAT) derived from the monocistronic pSCT constructs
downstream the CAT ORF of BI or HP vectors. The pSCT
A(A), B4C, S1-C, S2-C, S2 mutl-C and S2 mut2-C were
generated by PCR on plasmid pSCT P2 using oligonucleotides
0412 (5-ACGTGATCCCTCTAGAGCTGCGCTGCGGG-
CGTCCTG-3")/0413 (5-ACGTGATCCCAAGCTTGATAT-
CCTCGCTGGGCGCCGG-3"), 0874 (5-ACGTGATCCC-
TCTAGAGCACTTTGCACTGGAACTTA-3")/0413, 01376
(5-GCTCTAGAGCACTTTGCACTGGCCCGACGCGGG-
GAGGCTATTCTGC-3")/0413, 01420 (5-GCTCTAGAC-
CGAGCAAGGACGCCCCGACGCGGGGAGGCTATTCT-
GC-3")/0413, 01421 (5-GCTCTAGAAATAAATTTAACA-
ACCCGACGCGGGGAGGCTATTCTGC-3)/0413, 01422
(5-GCTCTAGAAATGAATTTAGGAACCCCGACGCGG-
GGAGGCTATTCTGC-3")/0413, respectively. pSCT P2
mutS2 , pSCT P2 mutL, A(B1B2B3), A(B4) and A(CIC2)
were generated by a two-step PCR amplification. First, two
independent PCR (PCRA and PCRB) fragments correspond-
ing to the regions flanking the deleted sequence were generated
using pSCT P2 plasmid as DNA template. A third PCR
amplification was performed by combining PCRA and PCRB
fragments and external oligonucleotides 0414 and O413 to
generate the different deletion constructs. The primers used for
each construct are specified below. pSCT P2 mutS2: PCRA
0414 (5-ACGTGATCCCTCTAGAACTCGCTGTAGTAA-
TTCCAGCGAGA-3')/0876 (5-TCCCCGCGTCGGGAGA-
GTCTTGTTAAATTTATTGTGTTGTAAGTTCCAGTGC-
AAA-3), PCRB 0875 (5-TTTGCACTGGAACTTACA-
ACACAATAAATTTAACAAGACTCTCCCGACGCGGG-
GA-3")/0413; P2 mutL: PCRA 0414/0878 (5-GGGAGAG-
TCGCGTCCTTGCTCGGTGTGGCGCCTGGCCAGTGC-
AAAGTGCCCGCCC-3), PCRB 0877 (5-GGGCGGGC-
ACTTTGCACTGGCCAGGCGCCACACCGAGCAAGGA-
CGCGACTCTCCC-3")/0413; A(B4): PCRA 0414/0418
(5-CCGCCCGCTGCTATGGGCAAA-3), PCRB 0417 (5'-
CCCATAGCAGCGGGCGGCGACGCGGGGAGGCTAT-
TCT-3')/0413; A(B1B2B3): PCRA 0414/0415, PCRB 0419
(5-GGAAGAGCCGGGCGAGCAGAGCACTTTGCACTG-
GAACTTAC-3)/0413; A(C1C2): PCRA  0414/0420
(5-GGAGAGTCGCGTCCTTGCTCG-3), PCRB 0421
(5-AGCAAGGACGCGACTCTCCGCAGCTGCTTAGAC-
GCTGGAT-3")/0413. The pSCT B4, B4ACTG, B4mutCTG
were generated by a two-step PCR amplification. PCRA was
performed by using pSCT P2 as template with primers O874/
01151 (5-AGAGTCGCGTCCTTGTTCGGGTGTTGTAA-
GTTC-3'), and PCRB with pSCTA2 and primers O1340
(5-CCGAACAAGGACGCGACTCTACGCTGGATTTTTT-
CGGGGTAGTG-3)/0413, 01341 (5-CCGAACAAGGAC-
GCGACTCTACGATGCCCCTCAACGTTAGCTT-3')/0413,
01298 (5-CCGAACAAGGACGCGACTCTGATTGATTT-
TTTTCGGGTAGTGGAA-3')/0413, respectively. PCRA and
PCRB were combined in a third PCR with primers O874/
0413. The pSCT B4 mutS1 was generated by PCR amplifica-
tion of pSCT B4 using oligonucleotides O1211 (5-GCTCTA-
GAGAAAACCAAACAAAAACTTACAACACCCGAGCA-
AGGAC-3)/0413.

Oncogene

The pSCT B4 mutS2 was obtained by a two-step PCR
amplification. PCRA was performed with pSCT P2 mutS2 as
template with primers 0O874/01215 (5-AGAGTCGTTT-
TAAATTTATTGTGT-3’), PCRB was performed using pSCT
A2 with primers O1418 (5-AATAAATTTAAAACGACTC-
TACGCTGGATTTTTTTCGGGTAGTGGA-3)/0413. PCRA
and PCRB were combined (PCRC) with primers O874/0413.
The pSCT B4 mutS1 + S2 was obtained by PCR amplification
of pSCT B4mutS2 using primers 01214 (5-GCTCTAGA-
GAAAACCAAACAAAAACTTACAACACAATAAATTTA-
AC-3)/0413.

The pSCT B4 mutL was obtained by a two-step PCR
amplification. PCRA was performed by using pSCT P2 mutL
as template with primers O1180 (5-GCTCTAGAG-
CACTTTGCACTGGCCAGGCG-3')/01213 (5-AGAGTC-
GCGTCCTTGTTCGGTGT-3") and PCRB using pSCT A2
and primers 01419 (5-CCGAACAAGGACGCGACTCTAC-
GCTGGATTTTTTTCGGGTAGTGGAA-3)/O413. PCRA
and PCRB were combined (PCRC) with primers O1180/
0413. The pSCT B4TIAR and B4 MYCA60 were obtained by
a two-step PCR amplification: PCRA with pSCT B4 and
primers 0874/ 01426 (5-GACGGAGTGATCCCGGG-
ACAAGGGGGAGGGCAGCGTAGAGTCGCGTCCTTGT-
TC-3’) and 0874/01344 (5-GAGGGGCATCGTCGCGG-
GAGGTTG-3'), PCRB with pSCTA2 with primers O1331
(5-TCCCGGGATCACTCCGTCGCACCCGCGACGATG-
CCCCTCAACGTTAGC-3")/0413 and O1346 (5-CCTCCC-
GCGACGATGCCCCTCCACTGCGACGAGGAGGAGA-
ACTTC-3")/0413. PCRA and PCRB were combined (PCRC)
with primers O874/0413. The pSCT BC HP’ and BC IS were
obtained by a two-step PCR amplification: PCRA with pSCT
P2 and primers 0412/ 01366 (5-GAATTCGCCGCCACCA-
CGCGCCCCAGCTGCAAGGAGAGCCTTTCAG-3") and
0412/01402 (5-CCGAATTCGCCGCCACCACGCGCCC-
CAGCTGCAAGGAGAGCCTTTCAG-3'), PCRB with
pSCTA2 with primers 01367 (5-CGTGGTGGCGGCG-
AATTCGCCGCCACCACGCGCCCCGCTTAGACGCTGG-
ATTTTTTT-3')/0413 and 01403 (5-CGTGGTGGCGG-
CGAATTCGGGGCGCGTGGTGGCGGCGCTTAGACG-
CTGGATTTTTTT-3)/0413. PCRA and PCRB were com-
bined (PCRC) with primers O412/0413.

DNA transfection, Western immunoblotting and quantification
of Western blots HeLa cells were grown in DMEM 10% fetal
calf serum (Life Technologies) and were transfected using the
Fugene-6 transfection reagent (Roche) according to the
manufacturer’s instructions (1 ug of DNA). At 24h after
transfection, cell lysate was prepared and used for Western
immunoblotting as previously described (Vagner et al., 1995).
For quantification, the DNA constructs were transfected in
triplicate. The expression of the two cistrons was analysed by
Western blot, followed by the quantification of the chemi-
luminescent signals using a CCD camera (Alphalnnotec). The
mean values correspond to the Myc-CAT/CAT ratios.

RNA extraction and Northern blotting Total cellular RNA
was prepared by the Trizol method (Life Technologies),
according to the manufacturer’s instructions. The quality of
the RNA samples was verified by agarose gel electrophoresis.
A measure of 3 ug of total RNA was loaded on a 1.5% agarose
gel and Northern blot was performed as described (Kruys et al.,
1993). CAT antisense RNA probes were generated by in vitro
transcription using the T7 Maxiscript kit (Ambion) according
to the manufacturer’s instructions, using a linearized DNA
template in the presence of 80 uCi [o-**P]JUTP (800 Ci/mmol)
and 20 um UTP.
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